Using the patch clamp technique, normal and abnormal functions of cardiac ion channels were studied. The transient outward K+ current contributes to the early repolarization phase of the action potential as well as to the plateau height and total duration. The latter role is observed in at premature excitations due to slow recovery from inactivation of this current compared to that of the Ca2+ current. Early and delayed afterdepolarizations are produced by multiple components of ionic currents, especially in the former case. Transient inward current is mainly involved in the formation of delayed afterdepolarizations, but the activities can be produced by a different ionic mechanism in rare occasions. Barium-induced automaticity can be brought about by blocking and unblocking of the inward rectifier K+ channels. The ATP-sensitive K+ channels are assumed to play important roles in myocardial ischemia and related conditions. The channels are a target of the K+ channel openers and their functions are modulated by various intracellular factors. While the channel activity is strongly inhibited by intracellular ATP, ATP is necessary for the channel in an operative state. The former effect by ATP is produced by its ligand action, but the latter may be brought about by hydrolysis of MgATP, which may be regulated by the assembly and disassembly of the actin cytoskeleton. (Jpn HeartJ 1996; 37: 693-707) powerful and efficient tool to analyze not only normal or physiological functions of ion channels, but also their altered or abnormal properties. Our studies are designed to clarify the functional characterization of various ion channels which underlie the normal and abnormal electrical activity of the heart. In this review, we will discuss studies done in our laboratories on cardiac ion chanFrom the
nel functions in relation to mechanism, development and treatment of arrhythmias.
TRANSIENT OUTWARD CURRENT
A rapidly activating and inactivating transient outward current was first identified in cardiac Purkinje fibers soon after the introduction of the voltage clamp technique to cardiac electrophysiology using two microelectrodes applied to multicellular Purkinje preparations.1) The unique properties of voltage-and time-dependent inactivation of this current among various outward currents were first described in detail by Fozzard and Hiraoka,2) but the ionic mechanism of the current was not determined. Later it was given a different explanation.3) After the introduction of the patch clamp technique applied to single cardiac cells, several studies demonstrated the existence of the transient outward current not only in Purkinje fibers but also in different cardiac cells, including ventricular myocytes from various species.4-7) In rabbit ventricular myocytes, we found the existence of the transient outward current which overlapped the Ca2+ current in similar time course and voltages after depolarizing voltage steps positive to -20mV.8,9) Thus, it could only be seen after blocking the Ca2+ current or upon strong depolarization. The component of the transient outward current is Ca2+-insensitive, since it is activated after blocking the Ca2+ current and its activation is not dependent on intracellular Ca2+. This component is mainly carried by K+ and a small portion by Na+, 5, 6, 9) and is blocked by application of 4-aminopyridine (4-AP).10) In the presence of the Ca2+ current, however, the transient outward current could not completely be eliminated by 4-AP. A residual 4-AP-resistant component was present which was inhibited by caffeine.9) This caffeine-sensitive component of the transient outward current was Ca2+-sensitive, since it disappeared in the absence of extracellular Ca2+, the Ca2+ current or Ca2+-release from the sarcoplasmic reticulum. 9, 11, 12) The transient outward current contributes to the repolarization of cardiac action potentials and their rate-dependent changes.3,13) The current mainly forms the early phase of repolarization, but it also determines the plateau and the total duration of action potentials. Generally, action potential duration (APD) in cardiac cells is shorter with higher frequency of stimulation or excitations with shorter preceding diastolic intervals than those with lower frequency or longer diastolic intervals.14,15) Under certain settings, however, this rule cannot be applied. For example, premature excitations in ventricular tissues from dog and rabbit hearts showed increased plateau height and prolonged APD compared to a basic rhythm of lower frequency or longer diastolic interval. 16, 17) The mechanism of these apparent contradictory findings is not known. We demonstrated Jpn Heart J September 1996 that premature beats of short diastolic-interval excitations in single rabbit ventricular myocytes exhibited increased amplitude of the plateau and prolonged APD, which were similar to multicellular preparations, thus indicating the phenomenon directly related to membrane ion channel function but not caused by cell-to-cell interactions.8) In voltage clamp experiments using voltage protocols similar to those of action potential experiments, it was observed that inward currents from depolarization to plateau levels were increased after step depolarization with short diastolic intervals compared to currents induced by basic depolarizations with longer diastolic intervals. This increased inward current was caused by the different time courses of recovery from inactivation between the transient outward current and Ca2+ current. Recovery from inactivation of the Ca2+-insensitive transient outward current was slow, achieving only 50-60% of the control amplitude after a 2000msec diastolic interval, while the Ca2+ current recovery was nearly complete after a 500msec interval8) (Figure 1 ). Therefore, block of either the transient outward current by 4-AP, or the Ca2+ current by Ca2+-antagonists can eliminate the increased plateau and prolonged APD in premature excitations. Furthermore, prolonged plateau and APD were not seen in guinea pig ventricular myocytes which showed the least development of the transient outward current. Therefore, different development of the Ca2+-insensitive transient outward current and its inactivation properties may contribute to the increased disparity of repolarization in premature excitations, since the current has been shown to exhibit different distributions in epicardial and endocardial ventricular myocardium. 18, 19) The Ca2+-sensitive transient outward current, on the other hand, has a faster time course of activation and inactivation, and a smaller amplitude than the Ca2+-insensitive one. Its amplitude is increased with augmentation of Ca2+-influx by application of catecholamines and a high rate of stimulation.9,11) Thus, the current contributes to action potential shortening by these maneuvers and action potential alterations upon sudden increase in heart rate.20) Recently, the current has been shown to be a Ca2+-activated chloride current .21-23) Our study demonstrated in rabbit ventricular myocytes that the current was carried by Cl-and activated at physiological ranges of intracellular Ca2+ through Ca2+-influx via the L-type Ca2+ channels and Ca2+-release from the SR without the use of any agonists.24) Therefore, this current may also contribute to the repolarization of action potentials in physiological conditions.
ABNORMAL IMPULSE FORMATIONS IN VENTRICULAR CELLS
Increased ectopic impulse formations are a major mechanism of the genesis of arrhythmias. It has been shown at the cellular level that several different mechanisms are involved in ectopic impulse formation. Delayed and early afterdepolarizations are unique forms of ectopic impulse formations which induce triggered activity of a single extra-excitation, rhythmic activity or runs of tachycardias.25,26) Delayed afterdepolarizations (DADs) were first recognized as a unique cellular mechanism of digitalis-induced arrhythmias in Purkinje fibers27) and once were assumed to be limited properties of specialized tissues of the heart. We demonstrated that DADs and triggered activity were induced in ventricular muscle fibers under low K+, high Ca2+ conditions, indicating that the activity was being shared by working myocardium, as well.28) Therefore, DADs and triggered activity in ventricular cells might become an ectopic focus of arrhythmias. The conditions necessary for production of DADs are Ca2+ overload in cardiac cells, where cyclic release and uptake of Ca2+ to the SR develop. The cyclic increase in cellular Ca2+ can induce an arrhythmogenic transient inward current in plasma membrane and form DADs.29) Actual involvement of intracellular Ca2+ overload was shown by induction of DADs and the transient inward current in ventricular myocytes by injecting Ca2+ and elimination of these activities by chelating intracellular Ca2+ by EGTA.30) The transient inward current is presumably produced by the electrogenic Na+-Ca2+ exchange mechanism and/or non-specific cation channels.31) The main mechanism carrying the transient inward current seemed to be the electrogenic Na+-Ca2+ exchange, since the reversal potential of the current was difficult to determine around 0mV where the reversal potential of the non-specific cation channel was assumed to be. However, we were able to demonstrate the reversal of the transient inward current around 0mV in rare occasions in rabbit ventricular myocytes under low K+, high Ca2+ condition.32) Therefore, the non-selective cation channels can form the transient inward current under certain settings. Most of DADS are seen in cellular Ca2+-overload, but there may be some exceptional cases which appear not to be linked to Ca2+ overload and development of the transient inward current. Application of amantadine, an antiviral agent, to ventricular myocytes can produce membrane potential changes similar to DADs, which are not caused by the transient inward current, but are produced by a combination of multiple ionic currents. 33) Barium ions have been known for a long time to induce spontaneous activity in not only pacemaker but also non-pacemaker cells.34,35) Ba2+-induced pacemaker activity is usually caused by membrane depolarization and appearance of slow diastolic depolarization, but sometimes shows damped oscillation resembling DADs.34-36) Our study, however, could not demonstrate the development of the transient inward current in multicellular ventricular preparations after application of Ba2+.37) Later, analysis of membrane current changes in single ventricular myocytes revealed that Ba2+ produced voltage-and time-dependent blocking and unblocking actions of the inward rectifier K+ channels (IK1) without inducing Jpn Heart J September 1996 3,4-dihydroxybenzaldehyde, 2,3-dihydroxybenzaldehyde and 2,4-dihydroxyacetophenon. The three compounds shortened action potential duration, which was blocked by glibenclamide or reversed by washout of the drugs. The compounds activated time-independent outward current at potentials positive to -50mV on the whole-cell recordings and activated current was inhibited by glibenclamide. In cell-attached patch recordings, application of 3,4-dihydroxybenzaldehyde (1-2mM) to either pipette solution or bath solution activated K+ channels with kinetics and conductance properties similar to KATP, and the activated current was blocked by glibenclamide. In inside-out patch recordings, however, intracellular application of 3,4-dihydroxybenzaldehyde in the presence of 0.5mM MgATP failed to increase the channel activity. Co-application of 0.5mM ADP could now activate KATP, which was somewhat similar to the action of nicorandil on this channel activation.60) A possible mechanism of this channel activation by these compounds is thought to be exerted through a Schiff base formation with proteins, since modification of the thiol group of the drugs by cysteine did not affect the channel activation.
KATP is characterized by a strong inhibition with intracellular ATP.56,61) In inside out patch recordings, therefore, the channel activity is fully opened in ATP-free internal solutions at first, but the activity gradually decreases over time with continuous exposure to the ATP-free conditions, in a process known as "rundown" . 56,62,63) This channel rundown is also seen with exposure of the intracellular face of patch membranes to divalent cations of Mg2+ and Ca2+.64,65) Application of the proteolytic enzyme, trypsin, to the internal face of patch membranes was shown to abolish or markedly delay the development of spontaneous and HIRAOKA ET AL Jpn Heart J September 1996
Ca2+-induced rundown.66) Furthermore, once the channel activity had been completely lost spontaneously or by exposure to Ca2+, application of trypsin slowly restored its activity. However, about 20% of our patches, which developed complete rundown quickly within 3-5 minutes after patch excision in ATP-free solution, did not recover the channel activity by application of trypsin nor could its rundown be prevented. These results suggest that rundown may be caused by multiple factors or processes. The trypsin-treated channels had no differences in single channel conductance and kinetics compared to the control without trypsin. Sensitivity to internal ATP for the channel inhibition was least compated to that of the control, while other studies indicated altered sensitivity to ATP and inhibition by glibenclamide was also affected,67,68) suggesting that concentration-and time-dependent effects of trypsin on this channel modification might be present. Effects of exopeptidases, which would be expected to cleave channel proteins from the N-and C-terminals, were examined to determine whether the target site of trypsin was on either side of the KATP channel protein. It turned out that application of carboxypeptidase A (1mg/ml), which would cleave proteins from the C-terminal of channel protein, prevented spontaneous rundown, while leuaminopeptidase cleaving the N-terminal did not affect rundown. These results suggest thet KATP has a chemical gate to control rundown process on the Cterminal or associated unit of its protein.66) After rundown of KATP, a short exposure to MgATP and subsequent washout could restore the channel activity, indicating that ATP is necessary for maintaining the channel in an operative condition.69,70) This restoration of the channel activity can be achieved only by MgATP, but not by free-forms of ATP. Therefore, it is generally believed that channel phosphorylation or hydrolysis of ATP is required for the MgATP-induced reactivation,56,69,70) although no direct evidence is presented. We examined the mechanism by which MgATP-induced reactivation of KATP after rundown is involved by channel phosphorylation or hydrolysis of ATP.71) Furthermore, application of the phosphatase inhibitor, okadaic acid, did not prevent spontaneous rundown nor influence Ca2+-induced rundown.66) After rundown of KATP was induced by exposure to Ca2+, the channel activity was restored by exposure to 2mM MgATP. Addition of inhibitors of various serine/ threonine protein kinases to the MgATP solution did not suppress reactivation of rundown channels. Non-or poorly-hydrolysable ATP analogues could not reactivate the rundown channels. The degree of channel recovery was dependent on the duration and concentration of the MgATP exposure. Various products of ATP hydrolysis other nucleotide triphosphates were unable to reactivate rundown channels. Fluorescein 5-isothiocyanate, which interacts with lysine residues of the nucleotide-binding site on various ATPases, inhibited KATP activity with the least degree of reversibility. These results suggest that the hydrolysis of ATP 
